Obg proteins are universally conserved GTP-binding proteins that are essential for viability in bacteria. Homologs in different organisms are involved in various cellular processes, including DNA replication. The goal of this study was to analyse the structure-function relationship of Escherichia coli ObgE with regard to DNA replication in general and sensitivity to stalled replication forks in particular. Defined C-terminal chromosomal deletion mutants of obgE were constructed and tested for sensitivity to the replication inhibitor hydroxyurea. The ObgE C-terminal domain was shown to be dispensable for normal growth of E. coli. However, a region within this domain is involved in the cellular response to replication fork stress. In addition, a mutant obgE over-expression library was constructed by error-prone PCR and screened for increased hydroxyurea sensitivity. ObgE proteins with substitutions L159Q, G163V, P168V, G216A or R237C, located within distinct domains of ObgE, display dominant-negative effects leading to hydroxyurea hypersensitivity when over-expressed. These effects are abolished in strains with a single deletion of the iron transporter TonB or combined deletions the toxin ⁄ antitoxin modules RelBE ⁄ MazEF, strains both of which have been shown to be involved in a pathway that stimulates hydroxyl radical formation following hydroxyurea treatment. Moreover, the observed dominant-negative effects are lost in the presence of the hydroxyl radical scavenger thiourea. Together, these results indicate involvement of hydroxyl radical toxicity in ObgE-mediated protection against replication fork stress.
Introduction
Obg proteins are widely conserved P-loop GTPases that are essential for growth in bacteria [1] [2] [3] . Although the exact function of this family of proteins remains elusive, Obg homologs in different species have been implicated in a wide range of cellular processes, including stress responses in Bacillus subtilis and Vibrio cholerae [4] [5] [6] , sporulation in B. subtilis [7, 8] , cellular differentiation in Streptomyces [9] , chromosome segregation in Escherichia coli [10] and DNA replication in E. coli and V. cholerae [11, 12] . The role of ObgE (the Obg homolog in E. coli) in DNA replication was determined through identification of an obgE transposon insertion mutant that is hypersensitive to the replication inhibitor hydroxyurea (HU). HU inhibits the class I ribonucleotide reductase, which results in a decrease in intracellular dNTP levels, ultimately causing replication fork arrest [13] . Based on these observations, it was proposed that ObgE promotes cell survival during DNA replication when replication forks are stalled [11] . In another study, it was shown that a basal cellular level of the V. cholerae Obg homolog is required to overcome the replication inhibition stress caused by HU treatment [12] .
Obg proteins consist of three domains: a highly conserved N-terminal domain called the Obg domain, a GTP-binding domain containing five conserved Gmotifs (G1-G5) as well as two switch elements important for GTP ⁄ GDP binding and GTP hydrolysis, and a poorly conserved C-terminal domain [14] . The N-terminal domain is thought to be essential for the functioning and correct folding of Obg proteins [1, 15] . The presence of two specific amino acid (AA) substitutions within this domain of ObgE (G80N ⁄ D85N) leads to formation of a temperature-sensitive allele. Furthermore, an ObgE protein lacking five AAs from the N-terminus does not support bacterial growth, which suggests that the Obg domain is indispensable [1] . The central GTP-binding domain is highly conserved among GTPases. Binding of GTP or GDP causes a conformational switch in this domain, thereby cycling the protein between an active and inactive state, respectively [16] . A P168V substitution in the G1 motif of ObgE was shown to confer dominant sensitivity to HU. It was proposed that inhibited or strongly reduced GTP hydrolysis was responsible for the observed phenotype [11] . The C-terminal domain of Obg is not conserved, and is even absent in certain homologs [17] . In E. coli, this domain contributes to the function of ObgE in HU sensitivity, although it is not clear by which mechanism. A transposon insertion in the chromosomal obgE copy causing a C-terminal deletion of nine AAs and simultaneous addition of a 68 AA peptide to the remaining protein leads to HU hypersensitivity. However, a simple deletion of nine AAs has no effect [11] .
Little research has been done towards identification of specific residues within ObgE that are involved in its role in sensitivity to HU. Therefore, a detailed analysis of the structure-function relationship of the GTPbinding and C-terminal domains of ObgE with regard to sensitivity to stalled replication forks was performed in this study. Two approaches were used to achieve this goal. First, a deletion analysis of the ObgE C-terminus was performed to obtain more insight into the role of the C-terminal domain in HU sensitivity. Second, specific residues involved in the response to HU treatment were identified by random mutagenesis of the two domains previously implicated in this response. The structural implications of the identified AA substitutions as well as their mode of action are analysed in further detail.
Results

Involvement of the C-terminal domain of ObgE in HU sensitivity
Previously, a transposon insertion mutant of obgE was shown to confer hypersensitivity to treatment with HU [11] . In this mutant, the transposon insertion site was located at the very C-terminus of the obgE gene. At the protein level, this resulted in deletion of nine AAs from ObgE and simultaneous addition of a 68 AA peptide. In contrast, simple deletion of nine AAs did not affect HU sensitivity. To investigate the role of the C-terminal domain in HU sensitivity, four E. coli chromosomal deletion mutants of obgE were constructed, encoding ObgE proteins with 16, 30, 44 or 64 AA deletions from the C-terminus (D16 AA, D30 AA, D44 AA and D64 AA, respectively). Deletion of 16 or 30 AAs partially removes the C-terminal domain. Deletion of 44 AAs removes the entire C-terminal domain [14] . Deletion of 64 AAs results in a protein from which an additional 24 AAs from the GTP-binding domain have been removed, leaving the conserved G motifs unaffected. All four deletion mutant strains were viable and showed normal growth in broth and on solid medium (data not shown), indicating a non-essential role for the C-terminal domain of ObgE in normal growth in E. coli. When the strains were treated with HU by spotting serial dilutions of each culture on plates with or without HU or by testing the strains in a disk diffusion assay, a marked sensitivity was observed for strains with an ObgE deletion of at least 30 AAs (P < 0.0001) (Fig. 1) . These data suggest that the Cterminal domain of ObgE is involved in the cellular response following HU treatment.
Random mutagenesis of obgE and selection of mutants sensitive to hydroxyurea
To perform an in-depth analysis of the correlation between the structure of ObgE and its function in HU sensitivity, random mutagenesis of the 248 C-terminal codons, covering the entire GTP-binding and C-terminal domains, was performed by error-prone PCR. These two domains have previously been implicated in the ObgE-mediated response to HU treatment in E. coli [11] . Amplification conditions were optimized to achieve an intermediate mutational frequency of 4.5-9 nucleotide changes per allele, corresponding to 1-5 AA substitutions per mutant. PCR products were cloned into a pBAD ⁄ HisA-obgE over-expression vector, replacing the wild-type sequence of the 248 C-terminal codons. Sensitivity to HU of the resulting 600 overexpression mutants was determined by spotting tenfold serial dilutions of each strain on lysogeny broth (LB) plates containing ampicillin and arabinose only (control plates), or ampicillin and arabinose plus HU at a final concentration of 2.5 mm for sensitivity testing. A control strain over-expressing wild-type obgE was included in each experiment as a reference. In a primary screen, 27 strains exhibiting increased sensitivity were selected. Confirmation of the phenotypes of those selected mutants led to final selection for further characterization of four random mutants (RM1-4) that exhibited an HU sensitivity that was increased by a factor of at least 10 compared to the control strain (Fig. 2) .
Sequencing of the mutant alleles of the four selected mutants revealed up to four point mutations in each mutant allele, corresponding to a maximum of three AA substitutions at the protein level. The mutations were all located in the central GTP-binding domain except for two: the L159Q substitution is located in the linker region connecting the Obg domain and the GTP-binding domain, and the amber mutation at position 353 leads to an ObgE protein with a C-terminal deletion of 38 AAs. The R237C substitution was found in both RM1 and RM4. Table 1 gives an overview of the mutations identified in the selected mutants. To ascertain that the observed phenotype is caused by the mutant obgE alleles, the alleles were sub-cloned into newly digested pBAD ⁄ HisA vectors and tested for HU sensitivity. These experiments confirmed the previous observations.
Effect of single-site mutations on HU sensitivity
Mutant obgE alleles carrying single point mutations were constructed to specifically analyse the contribution of each of the identified residues to HU sensitivity. HU sensitivity testing was initially performed similarly to the library screening (Fig. 3A) . In addition, disk diffusion assays were performed to confirm the observed phenotypes in a complementary way (Fig. 4A) . In both experiments, over-expression of mutant ObgE proteins with the substitutions L159Q, G163V or R237C increased the sensitivity to HU significantly compared to the control strain (P < 0.01 in the disk diffusion assay). Those three substitutions accounted for the observed HU-sensitive phenotypes of all four originally identified random mutants RM1-4. The remaining substitutions did not affect HU sensitivity and were not taken into account in further analyses. Fig. 1 . Sensitivity of chromosomal obgE deletion mutants to hydroxyurea using a disk diffusion assay. The number of amino acids deleted from the ObgE C-terminus is indicated for each strain. Values are the mean inhibition zone diameter and standard error of 12 experiments. Mean inhibition zone diameters that are significantly larger than that of the wild-type strain are indicated by an asterisk (P < 0.0001). Fig. 2 . Sensitivity of obgE over-expression mutants to the replication inhibitor hydroxyurea. Tenfold serial dilutions of the indicated strains were spotted on LB plates supplemented with ampicillin and arabinose (left panels) or with ampicillin, arabinose and hydroxyurea (HU) (2.5 mM) (right panels). Control: over-expression of the wild-type obgE allele under the control of the araBAD promoter.
In addition to the residues that were identified in the screening, five previously documented AA residues affecting various activities of ObgE and its homologs in other organisms were included in our analysis. A G92D mutation in the N-terminal domain of B. subtilis Obg (corresponding to G93D in ObgE) impairs cell growth and the ability of Obg to associate with ribosomes [6] . The P168V mutation within the G1 motif has been described as conferring dominant sensitivity to HU upon over-expression in E. coli [11] . The Streptomyces coelicolor Obg homolog with substitution S173N in the G1 motif is thought to preferentially bind GDP, keeping the protein in a constitutively inactive state [9] . In Caulobacter crescentus Obg (CgtA), this mutation severely reduces both GDP and GTP binding [18] . A T193A mutation in the G2 motif reduces the GTP binding affinity of the C. crescentus Obg homolog and is critical for its function [15] . Finally, the G224A mutation (corresponding to G216A in ObgE) in the mouse family member Nog1 within the G3 motif ⁄ switch II region has a dominantnegative effect on growth, and is predicted to restrict the conformational mobility of the GTP-binding domain [19] . The serial dilution assay identified the G93D, P168V and G216A mutations as conferring HU sensitivity (Fig. 3B ). This was confirmed for P168V and G216V using the disk diffusion assay (P < 0.01) (Fig. 4B ). For the G93D substitution, we did not detect any dominant effects on HU sensitivity using the disk diffusion assay, and this allele was therefore omitted from further analysis. In conclusion, five residues were identified that have an effect on HU sensitivity when ObgE is over-expressed. Those residues are located within distinct motifs of ObgE: L159Q is located in the linker between the Obg domain and the GTP-binding domain, G163V is located in a b-strand near the G1 motif, P168V is located within the G1 motif, G216A is located within the G3 motif and switch II region, and the R237C substitution is located at the C-terminal end of the switch II region (Fig. 5A ).
To assess whether the selected ObgE single mutant proteins are still functional, we took advantage of the fact that ObgE is essential for growth [3] . Plasmids expressing the selected mutant obgE alleles were introduced into E. coli GN5003. This strain lacks a functional chromosomal obgE copy, but a plasmid-borne temperature-sensitive obgE Ts allele is provided to support growth under permissive conditions [1] . The pBAD ⁄ HisA constructs expressing the ObgE single mutants were introduced into this strain as well as the empty pBAD ⁄ HisA vector or pBAD ⁄ HisA-obgE as negative and positive controls, respectively. Except for the negative control, all strains examined were able to grow at the non-permissive temperature (data not shown). Moreover, we were able to generate strains that express the single mutant obgE alleles as the only source of cellular ObgE after curing the temperature-sensitive plasmid that provides the obgE Ts allele. This indicates that the mutant ObgE proteins are correctly folded and maintain their essential function necessary for normal growth.
Of the five mutations affecting HU sensitivity, three are located in or next to the G1 motif (L159Q, G163V and P168V) and the remaining two (G216A and R237C) are both located within the switch II region. To check whether substitutions located in separate domains of ObgE may affect HU sensitivity via a single mechanism, individual mutations in both regions were combined, yielding six double mutants with the following substitutions: L159Q ⁄ G216A, L159Q ⁄ R237C, G163V ⁄ G216A, G163V ⁄ R237C, P168V ⁄ G216A and P168V ⁄ R237C. The HU sensitivity of those over-expression mutants was verified and compared with the sensitivity of the corresponding single mutants. However, no synergistic effects were observed upon over-expression of mutant ObgE proteins with combined single mutations (data not shown).
Involvement of toxin/antitoxin modules RelBE/ MazEF and iron transporter TonB in ObgE-mediated HU hypersensitivity
It was proposed that the cell death observed after HU treatment of E. coli cells is a consequence of activation of reactions that lead to the production of hydroxyl radicals [13] . These radicals are toxic and contribute to cell death by damaging cellular material including Structure-function analysis of the GTPase ObgE C. I. Kint et al.
DNA and proteins [20] . To assess whether ObgE mutants confer HU hypersensitivity due to generation of hydroxyl radicals, the ability of the selected single ObgE mutants to cause dominant-negative effects upon HU treatment was tested in two strains in which crucial components of a hydroxyl radical-generating pathway were deleted [13] . In E. coli BWD03, the toxin ⁄ antitoxin modules relBE and mazEF are absent. Following HU treatment, RelBE and MazEF were previously shown to be involved in generation of superoxide through misfolding of proteins and subsequent activation of membrane stress responses [13] . In a second strain (E. coli BWD04), the tonB gene, encoding an iron transporter whose expression is up-regulated in response to HU treatment, was deleted. The combination of superoxide production and increased import of free iron is necessary for generation of hydroxyl radicals through activation of the Fenton reaction [13] . The ObgE single mutants were not able to exert their dominant-negative effect on HU sensitivity when over-expressed in either the Drel-BE DmazEF double mutant or the DtonB knockout strain (Fig. 6) . However, the pathway leading to HUinduced hydroxyl radical formation was previously reported to be activated at the tested HU concentration [13] . This suggests that the selected ObgE single mutants act through this pathway of hydroxyl radical generation to exert their dominant-negative effect following HU treatment.
ObgE-mediated HU hypersensitivity is abolished in the presence of a hydroxyl radical scavenger
To confirm the involvement of hydroxyl radical toxicity in ObgE-mediated HU hypersensitivity, the dominant-negative effects exerted by the selected single ObgE mutants upon HU treatment were assessed in the presence of the hydroxyl radical scavenger thiourea [13] . As shown in Fig. 7 , HU hypersensitivity is abolished in the presence of 100 mm thiourea, in agreement with the proposed role of elevated levels of cytotoxic hydroxyl radicals in the observed ObgE-mediated HU hypersensitivity.
Discussion
The goal of this study was to obtain more insight into the mechanism by which ObgE mediates sensitivity to the replication inhibitor hydroxyurea (HU). This was done by analysing the HU sensitivity of defined chromosomal deletion mutants and over-expression mutants. Starting from identification of mutations in ObgE that lead to an altered phenotype when challenged with HU compared to wild-type strains, we aimed to obtain functional information about how ObgE is involved in this type of replication fork stress. Structure-function analysis of the GTPase ObgE C. I. Kint et al.
In a first approach, four chromosomal C-terminal deletion mutants of obgE were constructed and tested for their HU sensitivity. Under control conditions, all deletion mutants, including two in which the entire C-terminal domain was deleted, displayed normal growth comparable to that of the wild-type strain. This means that, in contrast to what was reported previously for Obg homologs in C. crescentus [21] and B. subtilis [6] , the C-terminal domain does not contribute to the essential function of E. coli ObgE. Attempts to construct a D70AA mutant failed, presumably because a deletion of this size is lethal. Phenotypic analysis of the constructed deletion mutants revealed a significant HU sensitivity for strains carrying deletions of 30 AAs or more, indicating a role for the C-terminal domain in HU sensitivity. More specifically, AAs 364-371 are required for correct functioning of ObgE during HU treatment. Deletions of nine AAs [11] or 16 AAs from the C-terminus that leave this region intact have no or only a small effect on HU sensitivity, respectively. On the other hand, mutants with deletions of 44 and 64 AAs, removing additional AAs on top of the 364-371 region, show similar increases in HU sensitivity as compared to the mutant carrying a deletion of 30 AAs. Deletion of the 364-371 region most likely leads to a loss of function (loss of HU resistance) rather than a gain of function (acquisition of HU hypersensitivity), as over-expressing a mutant ObgE protein with a stop codon at position W353, thereby deleting 38 AAs, did not confer dominant HU sensitivity (Fig. 3A) .
How can C-terminal deletions of obgE affect HU sensitivity? Given the conserved nature of the N-terminal and GTP-binding domains, and the fact that a truncated B. subtilis Obg constituting of only these two domains displayed wild-type GTPase activity [14] , it is expected that the GTP-binding domain is still functional in the truncated ObgE deletion proteins. However, it is not clear whether these deletions affect the nucleotide binding state as suggested for the C-terminal domain of the Obg homolog of Thermus thermophilus [22] . An alternative explanation for the HU hypersensitivity of the deletion mutants may be that the cellular level of ObgE is critical for its full functionality, and that this level is affected by the C-terminal deletions. It was shown that a basal level of the Obg homolog in V. cholerae is needed to overcome the stress induced by HU treatment [12] . Moreover, the transposon insertion at the C-terminus of obgE that causes hypersensitivity to HU was shown to lead to a protein that is less stable than wild-type ObgE and present at lower levels in the cell [11] . A third possibility is that direct interaction of ObgE with a so-far unknown cellular target is required for the correct response to HU-induced stress. Interactions mediated by AAs 364-371 may explain the HUhypersensitive phenotypes of obgE deletion strains. Candidate interaction partners may be involved in the stringent response. The significant decrease in viability of the HU-hypersensitive obgE C-terminal transposon insertion mutant [11] under starvation conditions suggests the implication of the stringent response in the observed phenotype [23] . Of interest, SpoT, a regulator of the stringent response, has been shown to directly interact with ObgE [3, 24] .
In a second approach to unravel the function of ObgE with respect to HU sensitivity, specific ObgE residues were identified by screening a mutant obgE over-expression library for dominant-negative mutations. ObgE proteins containing one of four AA substitutions (L159Q, G163V, G216A or R237C) conferred HU sensitivity when over-expressed. In addition, the detrimental Fig. 7 . ObgE-mediated hydroxyurea sensitivity is abolished in the presence of the hydroxyl radical scavenger thiourea. Tenfold serial dilutions of the indicated strains were spotted on LB plates supplemented with ampicillin and arabinose (left panels) or with ampicillin, arabinose, hydroxyurea (HU) (2.5 mM) and thiourea (100 mM) (right panels). Control: over-expression of the wild-type obgE allele under the control of the araBAD promoter.
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Structure-function analysis of the GTPase ObgE effect of the previously described P168V substitution [11] was confirmed in this study. The positions of the identified residues within an ObgE structure obtained by homology-based modelling are shown in Fig. 5B . Residues G163 and P168 are located within G1 [16] . The G1 motif is important for binding the a-and b-phosphates of GTP and GDP [3, 16] . It was suggested that the P168V substitution abolishes the GTP hydrolysis capacity of ObgE, and leaves the protein in a constitutively active state, thereby causing a dominant-negative effect on HU sensitivity [11] . However, the same mutation was shown to modestly reduce the GDP affinity of the Obg homolog in C. crescentus without affecting GTP hydrolysis [18] . Although residue G163 is also located within the G1 motif, the effect of a G163V mutation is less clear. This residue is located on the first b-strand in the centre of the sixstranded b-sheet of the GTP-binding domain, and is buried in the core of this domain. This raises the question of whether and how this mutation affects the overall structure of the GTP-binding domain and as such influences HU sensitivity. Nevertheless, the G163V substitution conferred HU hypersensitivity in two different assays and cannot be neglected in further analysis. Two of the remaining substitutions conferring HU sensitivity, G216A and R237C, are located within the switch II element. This region shows large conformational changes in the GDP-or GTP-bound state. In addition to being located in the switch II region, residue G216 lies within the G3 motif and is involved in binding of the c-phosphate of GTP [16] . In the mouse Obg family member Nog1, it was shown that the corresponding mutation does not significantly affect GTP binding or exchange, implying that the overall structure of the GTP-binding domain is largely intact in the mutant protein. This mutation was suggested to restrict the conformational mobility of the GTP-binding domain [19] . Finally, the leucine residue at position 159, located at the transition between the Obg domain and the GTP-binding domain, interacts with the arginine moiety at position 237 through main-chain hydrogen bonds (3 Å distance between the main-chain nitrogen and carbonyl oxygen of L159 and R237 in the homology model). This interaction is not an artefact of the modelling as the same interaction occurs in the structure of T. thermophilus Obg (2.7 Å distance between the main-chain nitrogen and carbonyl oxygen of I157 and R235) [22] . The physical interaction between residues L159 and R237 suggests similar structural alterations upon mutation of each of these residues. This is an indication for a common mechanism that causes HU hypersensitivity. The fact that no synergistic effects were observed when comparing the HU sensitivity of the L159Q and R237C single mutants to that of the double mutant confirms this hypothesis. As the other tested double mutants did not display synergistic effects either, all identified mutations probably confer HU hypersensitivity through a common mechanism.
The first pathway of interest in ObgE-mediated HU hypersensitivity is the DNA repair system. A microarray analysis revealed significant up-regulation of numerous genes including recA following HU treatment [13] . Moreover, eliminating recA and recB gene functions greatly enhanced the HU sensitivity of ObgE-mediated hypersensitive strains, such as the strain overexpressing the ObgE P168V single mutant, by synergistic effects. These observations led to the hypothesis that, in the absence of a functional ObgE protein, replication forks are vulnerable to breakage, which requires rec activity for repair [11] . The involvement of recA gene function in the hypersensitivity mediated by the single ObgE mutants described in this study was assessed by comparing the HU sensitivity of recA + and DrecA strains over-expressing wild-type and single mutant obgE alleles. However, in our assay, the recA deletion itself caused HU sensitivity to increase to such an extent that the effect of over-expression of ObgE single mutants could not be categorized as being either synergistic or cumulative (C.I.K., unpublished results). This experimental problem prevents a conclusion being drawn regarding the involvement of DNA repair systems including RecA activity in HU hypersensitivity mediated by the selected ObgE single mutants.
A second candidate pathway for ObgE-mediated HU hypersensitivity was described by Davies et al. [13] . HU treatment of E. coli cells initially induces cell survival responses to cope with DNA damage. Following this protective response, a chain of events is activated, of which hydroxyl radical formation is the final step. More specifically, activation of the toxin ⁄ antitoxin modules RelBE and MazEF leads to production of improperly translated proteins, subsequent activation of membrane stress responses, and superoxide generation by cytochrome oxidases. In parallel, iron uptake is increased through elevated expression of the TonB transporter following HU treatment. The superoxide is converted to hydrogen peroxide, which reacts with free iron, thereby generating hydroxyl radicals. These radicals are toxic and are responsible for HU-induced cell death [13] . Over-expression of the described ObgE single mutants in strains defective for relBE ⁄ mazEF or tonB gene function did not result in the expected HU-hypersensitive phenotype. Instead, these knockout strains overexpressing the single mutants displayed no HU sensitivity at all, similar to the phenotype of the strains overexpressing wild-type ObgE. The fact that the effects of ObgE single mutants are lost in both the DrelBE Dmaz-EF and DtonB strains suggests that the single mutant proteins feed into the pathway that generates toxic radicals described above. This hypothesis is further supported by the observation that the dominant-negative effects leading to HU hypersensitivity are abolished in the presence of the hydroxyl radical scavenger thiourea. Consequently, we propose that ObgE protects E. coli during replication fork stress by preventing an increase in the cellular levels of toxic hydroxyl radicals.
The cellular concentration of hydroxyl radicals may be affected by ObgE in two ways. On the one hand, ObgE may act on the pathway leading to production of hydroxyl radicals. The dominant enhancement of hydroxyl radical production, a process that requires a combination of both RelBE ⁄ MazEF and TonB activities, may then explain the increased HU sensitivity upon overexpression of the ObgE single mutants. On the other hand, ObgE may be involved in a defence mechanism, countering the toxic action of hydroxyl radicals. In this case, competition between mutant ObgE proteins that have lost this protective function and the endogenously encoded wild-type ObgE explains the observed dominant-negative effects upon HU treatment. In light of this second possibility, it would be interesting to assess the effect of other agents that cause damage by hydroxyl radicals (such as peroxide) on strains over-expressing the selected obgE alleles.
A recent report by Foti et al. [25] provides an interesting connection between the two candidate pathways currently known to be implicated in HU sensitivity, i.e. DNA repair and hydroxyl radical production [11, 13] . Foti et al. showed that cell death as a result of hydroxyl radicals generated following treatment with bactericidal antibiotics is predominantly elicited by specific oxidation of the guanine nucleotide pool and subsequent use of the generated 7,8-dihydro-8-oxoguanine and its deoxyribonucleotide derivative 7,8-dihydro-8-oxo-2'-deoxyguanosine rather than generalized oxidative damage [25] . More specifically, integration of closely spaced 7,8-dihydro-8-oxo-2'-deoxyguanosine during DNA replication causes lesions, which may give rise to double-stranded DNA breaks through incomplete base excision repair [25] . Analogous to these findings, it is possible that the increased hydroxyl radical levels in the obgE overexpression mutants resulting from HU treatment contribute to cell death by causing double-stranded DNA breaks through this same mechanism. The dramatic enhancement of HU susceptibility upon deleting recA, which is necessary for double-strand break repair, is in agreement with this mechanism.
In summary, this study provides evidence for the involvement of hydroxyl radical toxicity in ObgE-mediated protection against replication fork stress following HU treatment. Future research will shed light on the specific targets of ObgE within pathways controlling cellular hydroxyl radical levels.
Experimental procedures
Bacterial strains, media and growth conditions E. coli strains (Table 2) were cultured in lysogeny broth (LB) medium or solidified medium (1.5% agar) [26] at 37 or 25°C for E. coli TOP10 (Invitrogen, Carlsbad, CA, USA), BWD03 and BWD04 [13] , and at 30 or 42°C for E. coli GN5003 [1] . Medium additives (Sigma-Aldrich, St. Louis, MO, USA) were supplemented at the following concentrations: ampicillin at 100 lgAEmL )1 , kanamycin at 40 lgAEmL )1 , arabinose at 0.2% w ⁄ v and thiourea (Fluka, Sigma-Aldrich, St. Louis, MO, USA) at 100 mm. HU, supplemented at concentrations ranging from 0.0025-2.5 m as indicated in the text, was freshly dissolved prior to every experiment to avoid non-specific effects due to accumulation of toxic decomposition products [27] .
Strain and plasmid construction
Consecutive chromosomal C-terminal deletions of obgE were constructed as described by Datsenko and Wanner using pKD4 as template vector [28] and the primers listed in Table S1 . Chromosomal deletions were confirmed by sequencing. Site-specific mutagenesis of obgE was performed using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) with pBAD ⁄ HisA-obgE as template DNA. This construct was generated by amplifying obgE from E. coli TOP10 genomic DNA using primers SPI-0093 ⁄ SPI-0094 and digesting the resulting 1.2 kb fragment with XhoI and HindIII (Westburg, Leusden, The Netherlands) before cloning into pBAD ⁄ HisA (Invitrogen). Primers used to introduce site-specific mutations are listed in Table S1 . The L159Q substitution was introduced by transferring a 0.7 kb fragment from the mutant allele of RM3 to the wild-type copy on pBAD ⁄ HisA-obgE by digestion with AatII and XhoI (Westburg). Single mutations were combined by means of an AleI-XhoI (Westburg) restriction digest of the pBAD ⁄ HisA-obgE single mutant vectors. All constructs were confirmed by sequencing [29] . Expression of all mutant ObgE proteins under arabinose induction was confirmed by western blotting using His 6 antibodies.
Construction of a mutant library using error-prone PCR Error-prone PCR was performed using the GeneMorph II random mutagenesis kit (Stratagene). An intermediate mutational frequency (see Results) was achieved by using 100 ng DNA template material and completing 30 amplification cycles. The number of strains in the library was calculated based on the probability of mutating every AA within the GTP-binding and C-terminal domains of ObgE at least once (P < 0.01). This number was deduced from the likelihood of AA substitution at each position, assuming that this likelihood is equal throughout the mutated region. Using the PEDEL-AA algorithm that estimates the AA diversity within error-prone PCR libraries [30] , this likelihood of mutation was calculated based on the nucleotide sequence of the mutated region, the rate of all possible transitions and transversions, and the likelihood of generating stop codons, insertions or deletions. These characteristics are inherent to the mix of error-prone polymerases provided in the kit. The mutant PCR products generated using primers SPI-1747 ⁄ SPI-1748 were digested using SacII and XbaI (Westburg) and cloned into a pBAD ⁄ HisA over-expression vector containing the wild-type obgE allele. Constructs were transformed into E. coli TOP10. Selected colonies were cultured in LB medium and stored in 96-well plates at )80°C in 50% glycerol.
Western blotting and hybridization
Overnight cultures grown at 37°C in 5 mL LB medium supplemented with arabinose, with shaking at 200 rpm, were collected by centrifugation (1 min, 13 000 rpm, room temperature) and stored at )80°C. Proteins were separated by SDS ⁄ PAGE on a Pierce protein gel (ThermoScientific, Thermo Fischer Scientific, Waltham, MA, USA). Western hybridization was performed on the total protein fraction of each sample [31] . Monoclonal anti-His 6 serum (Roche, Penzberg, Upper Bavaria, Germany) and alkaline phosphatase-conjugated anti-mouse IgG (Sigma-Aldrich) were used as primary and secondary antibodies, respectively.
Hydroxyurea sensitivity assays
In the primary screening of the over-expression library, strains were inoculated in 96-well plates with 250 lL LB medium supplemented with ampicillin, and sealed with a breathable membrane. For confirmation of the HU sensitivity phenotype after the primary screening and for strains other than error-prone mutants, bacteria were inoculated in test tubes containing 5 mL LB medium supplemented with the appropriate antibiotics. After overnight growth at 37°C, with shaking at 200 rpm, cultures were diluted 100-fold in fresh LB medium and induced using arabinose. After overnight growth, cultures were serially diluted in 10 mm MgSO 4 , and, for each dilution, 10 lL was spotted on LB medium supplemented with antibiotics and arabinose for control plates and addition of HU at final concentrations as indicated in the text ⁄ figure legends for sensitivity testing. The number of colony-forming units was determined after overnight incubation at 37°C. For disk diffusion assays, strains were inoculated in 5 mL LB medium supplemented with appropriate antibiotics. After overnight growth at 37°C, cultures were diluted in LB medium, expression was induced by adding arabinose, and cultures were grown overnight at 37°C. Cultures were diluted 20-fold in 25 mL LB soft agar (0.7% agar) supplemented with appropriate antibiotics and inducer, and poured onto a solid LB plate without additives. Grade AA disks (6 mm) (GE Healthcare, Little Chalfont, Buckinghamshire, UK) containing 10 lL of a 2.5 m HU solution were placed on top of the soft agar. Plates were incubated for 48 hours at 25°C, after which the diameter of the inhibition zone was measured. A mixed model was applied to the collected data to confirm the independence of the various experiments. Following this analysis, the inhibition diameters of the mutant strains were compared with that of the control strain by means of a Tukey-Kramer analysis using SAS software (SAS Institute Inc., Cary, NC, USA).
Generation of an ObgE homology model
The homology model of full-length E. coli ObgE was generated using the Robetta web server [32] with the AA sequence of E. coli ObgE as input. The constituting domains were predicted using Ginzu [33] , which resulted in prediction of a single domain spanning residues 1-390, with PDB 1LNZ (residues 3-341) as the reference parent. Five very similar models were generated using comparative modelling [34] starting from the structure of Obg from T. thermophilus (PDB 1UDX) (confidence score = 109) [22] . The homology model in Fig. 5B was prepared using Pymol (http://www.pymol.org).
